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[57] ABSTRACT 

A novel photomechanical positioning method using optic 
?bers, and apparatuses that employ the method, is described. 
The method comprises providing an optic ?ber that changes 
length in response to the transmission of a light beam 
through the ?ber. The optic ?ber may be attached to an 
object capable of movement in response to a change in the 
?ber’s length. An illustrated embodiment of an apparatus 
employing such method is an interferometer that includes an 
optic ?ber made from a polymeric organic material. A 
movable mirror forms one arm of the interferometer, and is 
attached to the optic ?ber for movement in response to 
changes in the length of the ?ber. A light source, such as a 
laser, generates a beam of light that is transmitted through 
the optic ?ber. The system also generally includes a feed 
back path for transmitting a portion of the light beam into the 
end of the ?ber opposite the end of the ?ber to which the 
object is attached. The polymeric ?bers typically have a 
plurality of ?ber lengths corresponding to stable states of 
length between which the length of the ?ber may be 
changed, either discretely or continuously, by the application 
of a force. A Fabry-Perot interferometer also is described. 
The ?bers in combination with a light source also can 
function as tranducers and logic elements. 

20 Claims, 12 Drawing Sheets 
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PHOTOMECHANICAL POSITIONING AND 
STABILIZATION METHOD AND DEVICES 
USING OPTICAL FIBERS AND FEEDBACK 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part of application 
Ser. No. 08/310,883, ?led Sep. 22, 1994, now US. Pat. No. 
5,446,808, which is incorporated herein by reference. 

GOVERNIVIENT SUPPORT‘ 

This invention was made with government support pro 
vided under Army Research O?ice Contract Number DAAL 
03-92-G-O389. The government may have certain rights in 
this invention. 

FIELD OF THE INVENTION 

This invention concerns a method for positioning and/or 
stabilizing movable objects using optical ?bers and the 
photomechanical transducer effect, and to devices that 
employ the method. 

BACKGROUND OF THE INVENTION 

The absorption of thermal energy by a material having a 
positive thermal expansion coe?icient causes the material to 
expand, which is an important consideration when manu 
facturing a device. For example, the changes that occur in 
the physical dimensions of circuit-board components upon 
heating can stress the board, thereby reducing its e?iciency 
and lifetime. Many published documents refer to this prob 
lern. For instance, Williams et al. state that in “a magnetic 
?eld sensor . . . the temperature dependence of the Verdet 

constant and the thermal expansion of the material set a 
fundamental limit to the precision of the measurement.” See 
“Compensation for Temperature Dependence of Faraday 
Etfect in Diamagnetic Materials: Application to Optical 
Fibre Sensors,” Electronics Letters, 27:1131-1132 (1991). 

Electromechanical devices have been used to compensate 
for the changes that occur as a result of temperature-induced 
structural changes. For instance, in an electrical-mechanical 
positioner, a computer instructs a motor controller to move 
a motor shaft to induce corrections in the position of a 
movable object. The controller sends an electrical impulse 
that steps the motor shaft through electromagnetic induction. 
An encoder returns an electrical signal to the computer 
which determines the position of the movable object. The 
computer then decides Whether another adjustment is nec 
essary. Electrical-mechanical positioners require using these 
additional components to monitor and correct the position of 
the movable object. As a result, compensating for 
temperature-induced structural changes adds to the cost of 
manufacturing and the bulk of such devices. 

Light transmission through an optical ?ber heats the ?ber 
through optical thermal absorption. For ?bers having posi 
tive thermal expansion coe?icients, this causes an increase 
in ?ber length. This e?’ect also has been considered a 
nuisance, primarily because the change in dimensions is 
associated with reduced performance for the apparatus in 
question. 

SUMMARY OF THE INVENTION 

The negative attributes associated with thermal expansion 
have been well documented. However, until the present 
invention, no one apparently appreciated that the photome 
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2 
chanical transducer e?‘ect (i.e., transducing light energy into 
mechanical energy, referred to hereinafter as the photome 
chanical effect) that occurs in optic ?bers can be used to 
accurately and quickly position a movable object, such as 
movable components of electronic devices that are attached 
to such ?bers, and to stabilize the position of such objects 
(i.e., compensate for gradual position changes or drifts that 
occur in such objects). 
The present invention exploits the change in ?ber length 

that occurs upon optical heating, and provides a novel 
photomechanical positioning method and apparatuses that 
employ the method. A number of materials may be used to 
form optic ?bers useful for the present invention, and the 
invention is directed to using any such ?bers in any appli 
cation wherein a change in length of the ?ber by optical 
heating is used to bring about a positive result, such as the 
positioning of a movable object. The selection of an appro 
priate optic material will best be decided by considering 
various factors, including the application in question, the 
ability of the material to transmit light at various 
wavelengths, the ability to form ?bers of suitable dimen 
sions (which will vary from device to device), the expansion 
coefticients of the material, particularly the linear expansion 
coe?icient, the toxicity of the material and the cost of the 
material. 

Currently, polymer materials are preferred compounds for 
forming optic ?bers for the present invention. In general, 
polymer materials useful for the present invention may be 
selected from the group consisting of poly(alkenoic acids), 
poly(alkenes), poly(vinyl pyrrolidones), poly(vinyl halides), 
poly(vinyl alcohols), and combinations thereof. Presently 
preferred compounds are selected from the group consisting 
of poly(alkyl acrylates), including combinations of diiferent 
poly(alkyl acrylates). Especially preferred polymers, as 
presently contemplated for the present invention, are 
selected from the group consisting of poly(alkyl 
methacrylates), with poly(methyl methacrylate) being a 
presently preferred compound. The polymeric material also 
may comprise a co-polymer of two or more different mono 
meric subunits. For instance, the polymeric material may 
comprise a co-polymer of the materials listed above, or a 
co-polymer of an ole?n, such as ethylene, and one of the 
materials listed above. 

‘The optic ?ber also may include a dye material. Typically, 
the dye material is selected to absorb light having similar 
wavelengths as emitted by the light source. Preferably, the 
dye is selected to absorb an appropriate amount of light for 
performing the task in question, and may be selected to have 
a maximum light absorption corresponding to the wave 
length of light emitted by the light source. Solely by way of 
example, azo dyes and squarylium dyes have been shown to 
be useful dyes for the present invention. The polymer 
material generally, but not necessarily, satis?es either the 
formula (—R—Y—R'—)n or (—R—-Y-—Y'—R'——),,. R and 
R’ may be the same or different polymeric materials that 
contract or expand in response to the transmission of light 
through the ?ber. Y andY' may be the same or different dye 
compounds. The determination of n is made by considering, 
inter alia, whether a compound having a particular 11 value 
transmits light and whether it can be formulated into ?bers 
suitable for practicing the method. The resulting mechanical 
properties of the ?bers, such as ?exibility and strength, also 
must be considered. R and R' generally are selected from the 
groups discussed above. Currently, poly(methyl 
methacrylate)-doped optic ?bers having about 1 weight 
percent (based on the initial weight of the monomer used to 
form the polymer) of an azo or squarylium dye are presently 
preferred polymer materials. 
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The present invention provides a method for positioning 
an object. The method comprises providing an optic ?ber 
that changes length in response to the transmission of a light 
through the ?ber. The ?ber is operably connected to an 
object capable of movement in response to a change in the 
?ber’s length. A light source generates a beam of light, 
which is transmitted through the ?ber. This causes the length 
of the ?ber to change, as a result of photothermal heating, 
from a ?rst length to a second length. The optic ?bers 
typically have a plurality of ?ber lengths corresponding to 
stable states of length between which the length of the ?ber 
may be changed by the application of a force. Each stable 
state is maintained by photothermal heating of the ?ber. The 
method may comprise selecting a particular stable length 
position for a particular application by transmitting light 
through the optic ?ber. 
The method also may involve the step of providing an 

optical feedback path for transmitting a portion of the light 
beam into the end of the ?ber opposite the end of the ?ber 
to which the object is attached. By providing feedback. the 
object may be continuously repositioned, i.e. stabilized, 
when its position changes in response to the application of 
an external force. 

One speci?c embodiment of an apparatus that employs 
the method of the present invention is directed to an inter 

20 
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ferometer. Using optical feedback, an optic ?ber continu- . 
ously positions the mirror without using motors, encoders or 
computers. In this speci?c embodiment, an optical system 
directs light from a light source into the end of the ?ber. The 
absorption of light heats the ?ber. The optical system also 
provides optical feedback for transmitting a portion of the 
light into the end of the ?ber opposite the end of the ?ber to 
which the mirror is attached. This helps stabilize the position 
of the mirror when its position is changed in response to the 
application of an external force, such as air vibrations, or 
bumping the instrument. 

Accordingly, an object of the present invention is to 
provide a method, and devices employing the method, for 
continuously or discretely positioning and/or stabilizing a 
movable object using optic ?bers and the photomechanical 
effect. 
An advantage of the present invention is that the optic 

?ber is capable of making minute adjustments to the position 
of the movable object, either continuously or discretely, with 
a fast response time. thereby eliminating the need to use 
electrical-mechanical positioning devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of an interferometer. which 
is one embodiment of an apparatus that utilizes optic ?bers 
to position a movable object according to the method of the 
present invention. 

FIG. 2 is a side elevational view of the apparatus repre 
sented schematically in FIG. 1. 

FIG. 3 is an exploded front view of the device illustrated 
in FIG. 2. 

FIG. 4 is an exploded view of a ?ber holding apparatus 
used in the device of FIG. 2. 

FIG. 5 is a graph of the change in ?ber length that occurs 
as the intensity of the light output changes from the appa 
ratus of FIG. 2. 

FIG. 6 is a graph showing the determination of equilib 
rium points for an optic ?ber used in the apparatus of FIG. 
2. 

FIG. 7 is a graph of the change in output intensity over 
time for the apparatus of FIG. 2. 
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4 
FIG. 8 is a graph of the change in output intensity over 

time for the apparatus of FIG. 2 which illustrates that optic 
?bers of the present invention can adopt plural lengths 
corresponding to plural ?ber-length equilibrium points. 

FIGS. 9a and 9b are a schematic representation of a 
polymer ?ber waveguide Fabry-Perot cavity. 

FIGS. 10a-10d are graphs illustrating the output intensity 
as a function of the input intensity in arbitrary units for the 
waveguide illustrated in FIG. 9 as di?erent ramp rates. 

FIG. 11a is a graph illustrating the output intensity as a 
function of the input intensity in arbitrary units for the 
waveguide illustrated in FIG. 9 at a ramp rate of about 
001425 mW/s for one rarnping cycle. 

FIG. 11b is a graph illustrating the output intensity as a 
function of the input intensity in arbitrary units for the 
waveguide illustrated in FIG. 9 at a ramp rate of about 
0.01425 mW/s for ramp up. 

FIG. 11c is a graph illustrating the output intensity as a 
function of the input intensity in arbitrary units for the 
waveguide illustrated in FIG. 9 at a ramp rate of about 
0.01425 mW/s for ramp down. 

FIG. 12 illustrates the input and output intensity as a 
function of time for the device illustrated in FIG. 9. 

FIG. 13 provides graphs illustrating the output as a 
function of input for the device illustrated in FIG. 9 in each 
of the regions depicted in FIG. 12 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

This invention is directed to a method for positioning 
movable objects, and stabilizing the position of such objects, 
using the photomechanical eifect. This is accomplished by 
attaching a light-transmitting ?ber to a movable object, 
directing a beam of light at the object to sense its position, 
and then using optical feedback through the ?ber to change 
its length through optical heating. A detailed discussion is 
provided below concerning how to select and make suitable 
optic ?bers, including polymeric materials doped with a dye 
to increase the absorption e?iciency of the polymer. and to 
impart greater e?’ects on the bulk mechanical properties of 
the ?ber in response to the transmission of light. Thereafter, 
a discussion is provided concerning how to make and use a 
speci?c embodiment of an apparatus that utilizes the ?bers 
and the photomechanical eifect to continuously monitor the 
position of a movable mirror. It should be understood by one 
skilled in the art that the present invention is not limited to 
the use of polymeric organic optic ?bers, nor to such ?bers 
in the described interferometer. 

I. OPTIC FIBERS 

There are virtually unlimited examples of materials that 
are suitable for use as optic ?bers for positioning movable 
objects, including both inorganic and organic materials. 
Moreover, it will be appreciated that the proper selection of 
such ?bers primarily will be detennined by considering both 
the properties of the ?ber, as well as the requirements 
imposed by the particular application of the ?bers for 
stabilizing and/or positioning movable objects. For instance, 
the wave length and intensity of the light transmitted 
through the ?ber must be considered, as should the cooling 
rate and ambient conditions surrounding the ?ber. 
Furthermore, it has been determined that the increase in the 
length of the ?ber is proportional to the optical absorption 
coe?icient and the linear thermal expansion coefficient of the 
?ber, as well as the intensity of the light. And, the change in 
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the length of the ?ber is inversely proportional to the mass 
of the ?ber, and the speci?c heat of the material used to form 
the material. Thus, one skilled in the art will understand that 
the selection of a ?ber for a particular application is deter 
mined by considering these and other factors. 

Additional information concerning materials for forming 
optic ?bers that are useful for practicing the present inven 
tion may be obtained by referring to, inter alia: Brandrup and 
Immergut’s Polymer Handbook, 3rd Ed. (Wiley 
Interscience, New York 1989); Musikant’s Optical Materi 
als: Volume 1, (1990); and “Materials for Nonlinear Optics: 
Chemical Perspectives,” American Chemical Society, ACS 
Symposium Series, Vol. 455, S. R. Marder et al. (1991). 
Each of these references is hereby incorporated by reference. 
A. Polymer Materials for Forming Optic Fibers 
Polymer materials currently are preferred compounds for 

forming optic ?bers useful for the present invention. To 
reiterate, the selection of an appropriate polymeric material 
will best be decided by considering the factors listed above, 
as well as the toxicity and cost of the material. However, 
solely to provide more speci?c guidance concerning the 
selection of an appropriate polymeric optic material, poly 
mers of the lower alkenoic acids, such as poly(alkyl 
acrylates) have been used as suitable optic materials for the 
present invention. As used herein, the term “lower” 
describes alkyl or alkenyl straight or branched carbon chains 
‘having from about 1 to about 10 carbon atoms, and more 
generally from about 3 to about 10 carbon atoms. Examples 
of suitable lower alkenoic acids include acrylic acid, 
butanoic acid, etc. Suitable materials also include ole?nic 
position isomers, optical isomers, and other derivatives of 
such materials. 
With speci?c reference to the polyacrylate derivatives, 

suitable polymeric materials include polymeric materials 
made from lower alkyl ester derivatives of acrylic acid, such 
as methyl acrylate, ethyl acrylate, propyl acrylate, etc. 
Moreover, the lower alkyl derivatives of methacrylic acid 
also are useful polymeric compounds. These compounds 
would include poly(methyl methacrylate). poly(ethyl 
methacrylate), poly(propyl methacrylate), and additional 
lower alkyl derivan'ves. 

Other examples of suitable light transparent materials 
include polyethylene, cellulose, poly(vinylpyrrolidone), 
poly(vinylhalides), such as poly(vinyl chloride), and poly 
(vinyl alcohols). 

Thus, in general, materials useful for forming optic ?bers 
for the present invention may be selected from the group 
consisting of poly(alkenoic acids), poly(alkenes), poly(vinyl 
pyrrolidones), poly(vinyl halides), poly(vinyl alcohols), and 
combinations thereof. Presently preferred compounds are 
selected from the group consisting of poly(alkenoic acids), 
particularly poly(acrylates), including combinations of poly 
(acrylates). Especially preferred polymers, as presently con 
templated for the present invention, are selected from the 
group consisting of poly(alkyl methacrylates), with poly 
(methyl methacrylate) being a presently preferred com 
pound. 

In general, long, thin materials are most e?icient for 
exploiting the photomechanical effect in optic ?bers. This is 
because, for a given strain, the light-induced change in the 
length of a material is proportional to its length. The strain 
is proportional to the light intensity within the material. 
Optic ?bers therefore provide at least two advantages. First, 
they provide a way of con?ning light of high intensity. 
Second, optic ?bers can be made both long and thin so that 
the change in the length of the ?ber that accompanies optical 
heating also can be signi?cant. 
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6 
B. Dye Compounds Useful for Forming Optic Fibers 
The optic ?bers of the present invention also may be 

formed from materials that are doped with a light-absorbing 
dye. Where polymers are used, the polymeric portion of 
these optic materials acts as a host for the dye molecules. For 
certain polymers, the bulk mechanical properties of the 
polymer change in the presence of light. This change in the 
bulk mechanical properties may be mediated by using 
molecular dopants. ‘Typically, the polymer acts as a fairly 
rigid support for the dye molecules. 

U.S. Pat. No. 5,252,494 describes a number of dye 
materials that potentially are useful for forming optic ?bers 
for the present invention. The disclosure of U.S. Pat. No. 
5,252,494 is hereby incorporated by reference. However, 
solely by way of example, the following dyes are currently 
considered dyes useful for forming polymer/dye optic ?bers. 
1. Examples of Dye Molecules Used as Dopants 

N 

2 \\ N No; 

C) / 0 
N+ \ 
H | H 

I N 
O 

H 

OH 0 

R R 
\ 
N =N + 

/ 
R R 

0 H0 

The ?rst dye shown above is representative of a class dyes 
referred to as azo dyes, in reference to the azo group, i.e., 
N=N. The second and third dyes are representative of a 
class of dyes referred to as squarylium dyes. Hence, 
although generally any dye material will su?ice for forming 
the polymer/dye optic ?bers of the present invention, spe 
ci?c examples of such dyes may be selected from the group 
consisting of azo dyes, squarylium dyes, and combinations 
thereof. 

EXAMPLE 1 

This example describes the preparation of a poly(methyl 
methacrylate) (PMAA) optic ?ber. Standard test tubes were 
?lled with methyl methacrylate (MMA) monomer, which 
can be purchased commercially from such companies as 
Aldrich Chemical Company. A minor portion of PMAA can 
be added to the MMA to increase the viscosity thereof. A 
small portion of AIBN, a well-known polymerization 
initiator, was then added to the composition in the preforms. 
The composition in the test tube was then allowed to slowly 
polymerize over a period of several weeks at room tempera 
ture. The slow polymerization helped reduce the formation 
of bubbles in the core region of the ?ber. The preform was 
removed from the test tube and then heated in an oven at 
about 90° C. to remove any absorbed water. 
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A?ber drawing apparatus was then used to form long thin 
?bers. The ?ber drawing apparatus included a preform 
feeding system, a heater and a ?ber take-up wheel. This 
apparatus is shown schematically in Kuzyk et al.’s “Guest 
Host Polymer Fiber for Nonlinear Optics,” Appl. Phys. Lett., 
pp. 902-904, Vol. 59, No. 8 (1991). This reference is hereby 
incorporated by reference. The drawing apparatus was used 
to form a PMAA ?ber having a length of about 30 cm and 
a diameter of about 400 pm. The end-face of the polymer 
?ber was rendered smooth by contacting it with a hot plate. 

EXAMPLE 2 

This example describes the preparation of a po1y(methy1 
methacrylate) (PMAA) optic ?ber doped with a squarylium 
dye material. Standard test tubes were ?lled with a solution 
comprising methyl methacrylate (MMA) monomer and 
about 1 weight percent of a squarylium dye as shown above. 
A minor portion of PMAA also can be added to the MAA to 
increase the viscosity of the composition. A small portion of 
AIBN was then added to the composition, and the compo 
sition was allowed to slowly polymerize over a period of 
several weeks at room temperature. The preform was 
removed from the test tube and then placed in an oven and 
baked at about 90° C. to remove any absorbed water. 

The ?ber drawing apparatus was then used to form long 
thin ?bers. such as ?bers having alength of about 30 cm and 
a diameter of about 400 pm. The end-face of the polymer 
?ber was then rendered smooth by contacting it with a hot 
plate. 

In a manner similar to that described above for Example 
2. additional ?bers have been made from PMAA that were 
doped with from about 0.001 to about 1 weight percent, 
based on the weight of the MAA monomer, of each of the 
dyes shown above. 

EXAMPLE 3 

This example describes an alternative process for the 
production of a dye-doped ?ber according to the present 
invention. Ten milliliters of MMA were placed in a test tube 
and then mixed with 2 drops of t-butyl peroxide (a poly 
merization initiator). two drops of a butanethiol (a chain 
transfer agent), and 35 mg of a squarylium dye as shown 
above. The mixture was then thoroughly agitated using a 
mechanical mixer for about 15 minutes, and thereafter 
?ltered through a 0.2 micron syringe ?lter. The mixture was 
then placed in a capped test tube and heated in an oven at 95° 
C. for a period of about one week to polymerize the MMA. 
The cap of the test tube was then removed, and the poly 
merized mixture allowed to degas for about a week. The test 
tube was then broken, the core material was removed and 
then squeezed between two half-round clamps until closed. 
Once the half-round clamps were closed, the core material 
was then squeezed from either end using a rail squeezer at 
a temperature of about 120° C. The plug was then removed, 
and the polymer degassed for a week at 95° C. The material 
was then pulled into a ?ber using the ?ber drawing appa 
ratus. 

l1. PHOTOMECHANICAL POSITIONING OF MOV 
ABLE OBJECTS 

FIGS. 1-4 illustrate one embodiment of a photomechani 
cal positioning apparatus 2 that employs optic ?bers for 
positioning a movable object. The device depicted in these 
?gures includes an interferometer. An interferometer is 
capable of making various measurements, such as the pre 
cise determination of wavelengths, spectral ?ne structure 
and indices of refraction. The interferometer operates by 
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separating light into two beams using a beam splitter. The 
light beams are then directed along ditferent optical paths 
having different path distances using a system of prisms and 
mirrors, including a ?xed mirror and a movable mirror. The 
light beams are then reunited and interfere with each other. 
The nature of the interference (i.e., destructive or construc 
tive interference) determines the output intensity of the 
apparatus. 

Interferometer-s are not new per se. However, the illus 
trated embodiment of apparatus 2 includes the ?rst known 
interferometer to use an optic ?ber and the photomechanical 
effect to continuously position a movable mirror as 
described in more detail below. 

With reference to FIG. 1, it can be seen that the operation 
of apparatus 2 is initiated by a light source 10. An optical 
isolator 12 also may be used to prevent back re?ection from 
entering the light source, although isolator 12 is not neces 
sary to the function of apparatus 2. When used, optical 
isolator 12 includes a polarizing beam splitter 14 and a wave ' 
plate 16. The apparatus further includes a beam splitter 26 
for splitting the light emitted from the light source into a two 
light beams which travel along different light paths 34A, 
34B to a movable mirror 36 and ?xed mirror 46. The two 
light beams re?ected by these mirrors 36 and 46 are then 
recombined at the beam splitter 26. A portion of the com 
bined beam is directed to a detector 100 by mirror 18 (FIG. 
1), and another portion is directed along light path 34C to an 
optic ?ber 52 as described above. Fiber 52 is located in an 
evacuated chamber 48. The upper end of the ?ber 52 is ?xed 
by attachment to a ?ber holder 54 (See FIG. 4). The other 
end of the ?ber 52 is attached to suspended, movable mirror 
36. 
More speci?cally, and with reference to FIGS. 2-4, the 

apparatus 2 is assembled on a standard optical table 20 that 
was purchased from the Newport Company. The apparatus 
2 generates a light beam using a light source 10, such as a 
laser. Although any light source likely will work for this 
invention, an apparatus 2 has been built using a 250 mW 
continuous krypton laser of conventional type (not shown) 
which emits light having a wavelength of about 647.1 nm 
The light source 10 focuses light on a re?ecting prism 22, 
which is supported by a conventional optic mount 24. For 
instance, the mount may be an MM-l mount from the 
Newport Company. Prism 22 may be attached to the mount 
24 using any conventional technique. However, for the 
illustrated embodiment of apparatus 2, prism 22, and all 
subsequent prisms, are attached to the holders using a 
transparent adhesive tape (not shown). 

Prism 22 directs the light from light source 10 to a beam 
splitter 26, which is held securely in place by beam splitter 
mount 28. Mount 28 includes any structural device capable 
of holding the beam splitter 26 securely in place. such as a 
beam-splitter clamp. The illustrated embodiment of the 
mount 28 was purchased from the Newport Company. The 
mount 28 may be movably mounted to device 2 so that the 
position of the beam splitter 26 can be changed. For 
instance, beam splitter 26 may be attached to a plate that is 
free to move relative to the device 2. Such a plate is 
illustrated as plate 30 (FIG. 3) to which mirror 46 is 
attached. Plate 30 is free to move along rails 32. The position 
of sliding plate 30 along rails 32 can be ?xed by tightening 
set screws (not shown). 

Optical isolator 12 is shown schematically in FIG. 1. but 
the structure thereof is not illustrated in FIGS. 2-4. An 
optical isolator, such as isolator 12, may be used to prevent 
light from being transmitted from beam splitter 26 back into 
the light beam emitted by the laser 10. However, it has been 
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found that the isolator 12 is not essential for the operation of 
the apparatus 2, and hence its incorporation into the device 
2 is optional. If an optical isolator I2 is desired, it may 
comprise a polarizing beam splitter 14 and a wave plate, 
such as a N4 wave plate 16. 
The beam splitter 26 typically is a broad band, 50:50 

beam splitter which is designed to operate in the visible 
wavelengths. Beam splitter 26 is of a conventional design 
and may be purchased from such companies as Newport 
Company or Melles Griot. Beam splitter 26 splits the light 
directed thereto by the prism 22 into two light beams. Fifty 
percent of the light entering the splitter 26 is re?ected and 
directed along light path 34A, and ?fty percent is transmitted 
and directed along light path 34B. 
As can best be seen in FIG. 3, light emitted by beam 

splitter 26 is directed through a quartz window 38 along a 
?rst light path 34A to a hanging, movable mirror 36. 
Hanging mirror 36 has a diameter of about 0.5 inch, weighs 
about 9 grams, and was purchased from the Newport Com 
pany. The distance light travels along path 34A may vary, 
but the illustrated embodiment of apparatus 2 had a light 
path distance between the beam splitter 26 and the movable 
mirror 36 of about 10 cm. Window 38 is mounted using 
conventional techniques in an attachment plate 40, which is 
attached to housing plate 42B using attachment screws 44. 
Quartz window 38 allows light to enter vacuum chamber 38 
while maintaining the vacuum in this chamber. Attachment 
plate 40 may be sealed against vacuum leaks using conven 
tional means, such as O-rings (not shown). 
The second light beam from beam splitter 26 is directed 

to a ?xed mirror 46 along light path 34B. Path 34B had a 
?xed light path distance of about 10 cm. Thus, the ?rst arm 
of the interferometer in apparatus 2 is de?ned by the position 
of the hanging mirror 36. The second arm is de?ned by the 
position of the ?xed mirror 46. 

Mirror 36 is suspended inside chamber 48 using an optic 
?ber 52. Chamber 48 is de?ned by a cylindrical plexiglass 
housing member 50, which had a thickness of about 3/8 inch. 
Mirror 36 is attached to a lower end of optic ?ber S2. The 
upper end of ?ber 52 is ?xed to a ?ber holder 54. With 
reference to FIG. 4. it can be seen that the ?ber holder 54 is 
attached to support ring 56A using attachment screws 58A, 
58B. Support ring 56A de?nes a bore 60 therethrough. Fiber 
holder 54 also de?nes a bore 62 therethrough. Bores 60 and 
62 are aligned when member 54 is attached to support ring 
56A. Bore 62 typically has a diameter of about 0.5 inch. 
Fiber holder 54 also includes plural set screws 64A, 64B, 
which are inserted through ?ber holder 54 and contact an 
insert sleeve 66, such as an aluminum insert, having a bore 
68 therethrough. When tightened, set screws 64A, 64B hold 
insert 66 securely in place. Insert 66 is about 1 inch long and 
has an outer diameter of about 0.5 inch so that the insert 66 
can be inserted into bore 62 of ?ber holder 54. Insert sleeve 
66 also includes an inner ?ange 70 at its lower end. 
A second ?ber-contacting insert 72 is dimensioned to be 

received in the bore 68, which has a diameter of about 0.25 
inch. Insert 72 is placed inside insert 66 and contacts ?ange 
70. In this manner, insert 72 can be held inside of insert 66. 
Although any material likely will work for forrniug insert 
72, the illustrated embodiment of insert 72 was made from 
brass. Insert 72 is not a closed cylindrical member. as is 
insert 66. Rather, insert 72 is a split sleeve that has a thin 
slice of material removed from the cylinder wall to form a 
groove which runs the entire length of the cylinder in a 
direction parallel to the longitudinal axis of insert 72. Fiber 
52 is inserted into split sleeve member 72, which in turn is 
placed in insert 66. Set screws 64 are then tightened to hold 
the inserts 66 and 72 inside the ?ber holder 54. 
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The position of the movable mirror 36 is determined by 

the length of ?ber 52. For this particular embodiment, optic 
?ber 52 was about 30 centimeters long, and had a radius of 
about 150 pm. The ?ber 52 is attached to the mirror 36 by 
?ber attachment member 74. The illustrated embodiment of 
?ber attachment member 74 may be structurally identical to 
the ?ber holder 54 described above, and hence also includes 
plural inserts and set screws. However, one skilled in the art 
will realize that attachment member 74 may be any struc 
tural mechanism that allows the ?ber 52 to be securely 
attached to the mirror 36. 

Attachment member 74 is situated inside the vacuum 
chamber 48. Plural support rods 80A, 80B and 80C, and 
plural support rings 56A, 56B, provide a framework for 
supporting the ?ber receiving members 54 and 74. The 
plural support rods 80A-80C pass through plural ori?ces in 
plural support rings 56A, 56B, and are thereafter ?rmly 
attached to support plates 84A, 84B. Plates 84A, 84B are 
attached to housing plates 42A, 42B using any suitable 
means, such as attachment screws 44. Support rings 56A, 
56B are movably attached to the plural support rods 
80A-80C using plural set screws 86 as shown in FIG. 4. In 
this manner, plates 56A, 56B can be moved along support 
rods 80A-80C to adjust the vertical position of mirror 36. In 
the illustrated embodiment, support rods 80A-80C were 
threadedly attached to plates 84a, 84b. 

Hanging mirror 36 is suspended from the ?ber 52 and can 
move in a vertical direction parallel to the longitudinal axis 
of chamber 48 as a result of a change in length of ?ber 52. 
Hanging mirror 36 was secured against lateral motion using 
plural radial threads 90 as shown in FIG. 2. The tension of 
these threads was relatively small compared to the tension of 
the ?ber 52. Threads 90 may be made of any suitable 
material, such as a nylon mono?lament. Threads 90 are 
attached to the lower support ring 56B and the attachment 
member 74 at attachment points which are oriented at about 
120° intervals about the circumference of support ring 56B. 
As stated above, beam splitter 26 splits the beam of light 

emitted by light source 10 into a ?rst and second beam The 
second beam emerging from the beam splitter 26 is directed 
along path 34B towards a ?xed mirror 46. Mirror 46 is held 
securely in place by high precision optic mount 94, which 
includes ?ne adjustment screws. Optic mount 94 is movably 
attached to housing plate 88. Optic mount 94 is illustrated as 
being attached to plate 30, which is free to move along rails 
32. 
The ?rst beam of light is transmitted along path 34A from 

beam splitter 26 to the hanging mirror 36 and is re?ected 
back through the beam splitter 26 by the hanging mirror 36 
as shown in FIG. 3. The second beam of light emitted by 
beam splitter 26 is re?ected back through the beam splitter 
26 by ?xed mirror 46 so that the two beams of light are 
recombined. About 50 percent of the recombined light then 
is directed back towards the light source 10, and about 50 
percent of the recombined light is directed towards prism 98 
and re?ected along light path 34C. A small portion of the 
combined light beam emerging from the beam splitter 26 is 
directed to a detector 100 (see FIG. 1). 
The detector 100 used to make the illustrated embodiment 

of the apparatus 2 was a silicon photoelectric detector. This 
detector was interfaced with a 486 IBM compatible digital 
computer equipped with a LAB-PC board, and LABWIN 
DOWS software. FIG. 1 shows the detector 100 placed to 
monitor the combined light beam as it emerges from the 
beam splitter 26. ‘This portion of the combined light is not 
directed to the ?ber 52. Positioning the detector 100 as 
shown in FIG. 1 does not divert any portion of the combined 
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light intended to be absorbed by the ?ber 52 to the detector 
‘100. One skilled in the art will realize that the detector 100 
also may be placed at different locations and still have 
apparatus 2 function properly, although the position of the 
detector 100 as illustrated in FIG. I currently is believed to 
be the best position for efficient operation of apparatus 2. 
This is because it is best to put as much of the combined light 
emerging from beam splitter 26 into ?ber 52. If the detector 
100 were positioned elsewhere, for instance along light path 
34C, then a certain amount of the combined light intended 
to absorbed by ?ber 52 would have to be diverted to the 
detector 100. 
The combined light beam is re?ected from the prism 98 

along third light path 34C. The combined light beam 
includes position information concerning the position of the 
hanging mirror 36. This is because the intensity of the 
combined light emerging from the beam splitter 26 depends 
on the amount of destructive and constructive phase inter 
ference that is produced when the light beams are recom 
bined. The amount of interference depends upon the distance 
each light beam travels along light paths 34A, 34B. 
Prism 98 is held securely in place by a high-precision 

optic mount 102. having ?ne adjustment screws 104. Optic 
mount 102 is secured to housing plate 88 by conventional 
means, such as a clamp. Prism 98 directs the combined light 
beam to a third prism 106. Prism 106 is held securely in 
place by a high precision optic mount 108, which also 
includes ?ne adjustment screws 110. As with optic mount 
102. mount 108 is secured to housing plate 88 using a clamp 
or any conventional means. The combined light beam is 
directed from third prism 106 through a shutter 112 (see 
FIG. 1) to a fourth prism 114. Prism 114 is held securely in 
place using a high-precision optic mount 116, having ?ne 
adjustment screws. The shutter 112 used to make the illus 
trated embodiment of the apparatus 2 was a standard camera ' 

shutter, which can be opened continuously, or for a brief 
period of time. Optical mount 116 is secured to upper 
housing plate 42A as shown in FIG. 2. The combined light 
beam from prism 106 to prism 114 may be directed through 
a shield tube 120 (FIG. 3), although this is not critical to the 
operation of the device. Shield tube 120 is used to protect the 
eyes of a person while operating the apparatus 2. 
The light beam re?ected by prism 114 is then directed 

through a pin-hole plate 122, which was purchased from 
'Ihorlabs, and towards a focusing lens 124. The pin-hole 
plate 122 has an adjustable aperture that adjusts from a 
maximum aperture of about 0.5 inch to a minimum aperture 
of about 1 mm. Plate 122 is threadedly attached to the 
housing plate 42A. Plate 122 is used to limit the amount of 
“light noise” that enters ?ber 52. In other words, pin-hole 
plate 122 limits the light entering ?ber S2 to the center 
fringe portion of the combined light from apparatus 2 that 
travels along light path 34C. 
The focusing lens 124 has a diameter of about 1 inch and 

a focal length of about 15 cm. These characteristics of lens 
124 are not critical to the operation of the apparatus 2 
because the position of the lens 124 can be changed relative 
to the other components of the apparatus 2. Lens 124 is held 
securely in place using a standard optical clamp 126. 
Lens 124 focuses the light onto a ?fth prism 128 (FIG. 1). 

As with the previous prisms, prism 128 is held in place using 
a high-precision optic mount 130 having ?ne adjustment 
screws. This illusuated embodiment of the apparatus 2 uses 
a 5-way high precision optic mount 130, model number 
PB-3 by MRC, as shown in FIG. 2. Optic mount 130 is 
secured to housing plate 42A using attachment screws (not 
shown). The position of optic mount 130 can be changed by 
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loosening the screws and moving the mount along a mount 
ing rail (also not shown). 

Prism 128 directs the light beam into an upper end of optic 
?ber 52. About lO-30 mW of the light are absorbed by the 
?ber 52. It should be noted that the light entering the ?ber 
52 does not re-enter the apparatus 2. Fiber 52 is located in 
chamber 48. Chamber 48 generally is evacuated by attach 
ing a vacuum pump to vacuum nozzle 134. Evacuating 
chamber 48 helps external disturbances that alter 
the position of the mirror 36. Such disturbances may result, 
for example, from sound vibrations, thermal gradients and 
air currents. 

Because the position of the mirror 36 is determined by the 
length of ?ber 52, the output light intensity of the interfer 
ometer also is determined by the length of the ?ber 52. As 
stated above, the light output of the apparatus 2 is directed 
through the shutter 112 as shown in FIG. 1, and to the upper 
end of ?ber 52. A portion of the light entering the ?ber 52 
is partially absorbed by the ?ber 52, which in turn causes 
photothermal heating. If the length of the ?ber 52 changes 
as a result of photothermal heating, then the position of the 
hanging mirror 36 changes. This alters the output light 
intensity of apparatus 2. In other words, the output of the 
apparatus 2 is determined by the length of the ?ber 52, and 
the length of the ?ber 52 is determined by the output of the 
apparatus 2. Thus, the optical system described above pro 
vides an optical-feedback system which allows for continu 
ous adjustment in the position of the mirror 36. 
I11. POSITIONING CAPABILITY OF OPTIC FIBERS 
The apparatus described above has been used to evaluate 

the positioning ability of optical ?bers which change their 
length as a result of photothermal heating. In the described 
embodiment of apparatus 2, heat energy produced by optical 
heating is used to control the length of the ?ber 52. By using 
feedback, the length of the ?ber 52 can be controlled in three 
ways. namely stabilization, discrete positioning and continu 
ous positioning. 

FIG. 5 depicts the change in ?ber length that occurred in 
a light-transmitting PMAA-squarylium dye doped optic 
?ber as a function of the intensity of the light output from the 
apparatus 2. FIG. 5 shows that the relationship between the 
?ber length and the interferometer output light intensity 
describes a sinusoidal curve. FIG. 5 shows that if the ?ber 
length of the polymeric ?ber is L0 and the light intensity of 
the ?ber is ID, and if the conditions are such that the slope 
at point A (L0 and I0) is negative, then an external impulse 
that acts to shorten the ?ber length will lead to an increase 
in the light intensity of the ?ber. If the thermal expansion 
coe?icient of the optic ?ber is positive, then thermal heating 
due to such increased light intensity causes the ?ber length 
to increase. This helps to negate the eifect of the-external 
impulse. 

If the conditions are such that the slope at the point B (LC) 
and I0) is positive, then a material having a negative thermal 
expansion coe?icient also will counteract any external 
impulse that causes the ?ber length to lengthen. Thus, it will 
be understood that if the apparatus is tuned so that the slope 
of the curve at particular intensity and length values is in the 
negative slope domain, then active stabilization of the ?ber 
will require a material having a positive thermal expansion 
coe?‘icient. Conversely, if the apparatus is tuned so that the 
slope is positive at the point corresponding to particular 
intensity and ?ber-length values, then active stabilization 
will require that the material used to make the optic ?ber 52 
have a negative thermal expansion coe?icient. 
A. Discrete Positioning at Stable Fiber Lengths 

For any set of conditions provided the apparatus interfer 
ometer (e.g., thermal expansion coe?icient of the ?ber. the 
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length of the ?ber, the wavelength of light emitted by the 
light source, the heat capacity of the ?ber, the mass of the 
?ber, etc.) there are several intensities at which stabilization 
of the ?bers occurs. These points are referred to herein as 
stable or equilibrium points. The motion of the ?ber is 
described by Equation 1 below: 

where on is the coe?icient of thermal expansion, 0 is the heat 
capacity of the ?ber, 1c is the thermal cooling time constant, 
K is the wavelength of light, 1 is the ?ber length, 10 is the 
initial length of the ?ber, m is the mass of the ?ber, q) is the 
ambient phase di?erence between the two arms of the 
interferometer, P0 is the maximum laser power input to the 
?ber at the constructive interference condition of the 
interferometer, a is the fraction of laser power absorbed by 
the ?ber, and t is time. Using this formula, the stable lengths 
of the ?ber can be determined by setting the velocity of the 
end of the ?ber to zero. This results in the following 
Equation 2: 

(6/1!) (MCHPJKHJIOHHJFCOSZ [2 "(1" OYIXWIEQUATION 2 

The term (1-10) is small compared to 10. As a result, this term 
can be ignored without incurring signi?cant error in solving 
Equation 2. The stable points can be determined by adjusting 
the phase di?’erence so that there is a maximum power input 
at 1:10, and by plotting the two sides of Equation 2 as shown 
in FIG. 6. The left hand side of this equation describes a 
straight line, whereas the right hand side of the equation 
de?nes a cosine-squared function. Each point where the line 
intersects the cosine-squared curve is a stable point that can 
be adopted by the It is important to realize that the deter 
mination of the equilibrium points, and hence the intersec 
tion points on the cosine-squared curve, depends upon the 
thermal expansion coe?icient of the ?ber. More speci?cally, 
FIG. 6 represents the situation where the ?ber has a positive 
thermal expansion coe?icient because the point of intersec 
tion shown on the cosine-squared curve is on the negative 
slope domain of the curve. However, if the material used to 
make the optic ?ber has a negative thermal expansion 
coef?cient, then the stable points would be determined by 
the points of intersection on the positive slope regions of the 
cosine-squared curve. 

It has been found that if an optic ?ber is tuned to some 
equilibrium point (L,,, I,,) then an external impulse that 
causes the ?ber length to increase past the minimum of the 
cosine squared curve will cause the ?ber to settle to the new 
equilibrium point (Ln?, In +1). This is referred to as discrete 
positioning because there is a change in the length of the 
?ber from one length to the next, rather than a continuous 
change in length over the lengths intermediate L,I and Ln?. 
However, the change in the length of the ?ber that corre 
sponds to each of these equilibrium points di?’ers. For 
instance, the length of the ?ber change that corresponds to 
a transition from a ?rst to a second equilibrium point is not 
necessarily the same length change that corresponds to a 
transition from the second equilibrium point to a third 
equilibrium point. 
There are numerous applications for a device capable of 

discrete positioning. For instance, discrete positioning could 
be used to position optics to focus a light beam. Another 
example would be to use a laser pulse to position a laser 
beam for cutting materials in a manufacturing process. 

FIGS. 7 and 8 present experimental data obtained using 
apparatus 2. FIG. 7 shows the output intensity as it changes 
over time. When the shutter of the apparatus 2 is closed 
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(from T=O, to T=about 270 seconds), the drift in the output 
intensity of the apparatus is apparent. When the shutter is 
closed, there is no optical feedback because the ?ber 52 is 
not absorbing any of ?re light output from the apparatus 2. 
As a result, with the shutter closed there is no correction in 
the length of the ?ber 52 as the output drifts. 
At a time t equal to about 270 seconds, the shutter was 

opened and the apparatus 2 began operating using optical 
feedback It can be seen from FIG. 7 that the present 
invention provides a means for stabilizing the length of the 
optic ?ber within a very short period of time. More 
speci?cally, FIG. 7 shows that the ?ber length adopted a 
stable equilibrium point (N=l) in a period of only about 250 
milliseconds. Thereafter, the ?ber length spontaneously 
changed from a ?rst stable point N=l, to a second stable 
point N=2. This transition occurred after a period of about 40 
seconds. It is not surprising that the length of the ?ber 
underwent a transition from the ?rst equilibrium point to the 
second equilibrium point. This is because the ?rst equilib 
rium point generally is the least stable of all the equilibrium 
points. After the transition from the ?rst equilibrium point to 
the second equilibrium point, the ?ber length was stable at 
the second equilibrium point to within plus or minus 2 nm 
for a period of at least about 30 minutes. It also is important 
to note that the ?ber of the apparatus had a length of about 
30 cm, and was able to be stabilized within about plus or 
minus 2 nm, which translates to about 1 part in 108 stability. 

Thus, FIG. 7 clearly demonstrates that the apparatus light 
intensity output, and therefore the ?ber’s length, can be 
stabilized using optical feedback and the photomechanieal 
effect. Furthermore, FIG. 7 shows that the optic ?ber will 
adopt an equilibrium length that allows the ?ber to maintain 
the output intensity virtually constant, even over a period of 
greater than about 30 minutes. By testing the equilibrium 
points of a PMAA ?ber, it has been determined that such 
?bers adopt a length and an intensity relationship that 
generally allows the ?bers to adopt a stable equilibrium 
point. The ?bers maintain the length corresponding to that 
equilibrium point until the application of some critical 
external perturbing force. such as mechanical agitation. 

If the ?ber is to change its length from one equilibrium 
point to a higher equilibrium point, then the length of the 
?ber must increase to a length that is greater than that 
corresponding to the minimum intensity output of the 
apparatus, which corresponds to the minimum of the cosine 
squared curve. Increasing the ?ber length can be accom 
plished by applying an external force to the ?ber. This 
external force can by virtually any force, such as a mechani 
cal force or an acoustical force. Hence, if the position of the 
mirror is altered by being jarred, or from air currents, then 
the length of the ?ber may change from a ?rst equilibrium 
point to a second point, thereby repositioning and stabilizing 
the movable mirror. 

This situation is depicted in FIG. 8, which presents 
experimental data showing that the ?ber can adopt multiple 
stable lengths. More speci?cally, FIG. 8 illustrates the 
change in apparatus output over time. At a time t=0 to about 
t=5 seconds, the apparatus was operating with the ?ber at a 
?rst equilibrium length. Thereafter, the apparatus was 
mechanically agitated, which induced the ?ber to undergo a 
change in ?ber length from a ?rst equilibrium point to a 
second equilibrium point. This mechanical agitation was 
then repeated, so that the ?ber length adopted plural ?ber 
equilibrium lengths. However, after the ?ber adopted a 
fourth equilibrium length, further agitation could not induce 
a subsequent change in ?ber length to a ?fth equilibrium 
point. Thus, FIG. 8 shows that the ?ber can adopt plural 












